Introduction {#Sec1}
============

Rapid developments in sequencing technologies during past decade revealed that protein coding genes represent only 2 % of the human genome \[[@CR1]\]. This came across as a surprise considering that genomes of the other organisms (from yeast to *Caenorhabditis elegans*) are quite dense. Is the rest of the human genome merely "junk" DNA? This question was partially answered by experimental approaches like high-throughput sequencing or whole genome high density tailing arrays. Now it is known that this "junk" DNA is transcribed throughout mammalian genomes and because it lacks protein coding capacity it is referred to as long non-coding RNA (lncRNA) \[[@CR2]--[@CR7]\].

Non-coding transcripts have similar structure to messenger or coding RNA (mRNA): they are transcribed by RNA polymerase II (Pol II), they possess a cap and a polyA tail and they can be even spliced. However their function remains enigmatic \[[@CR8]\]. Non-coding RNAs can be also divided into two groups based on their length: short and long non-coding RNAs (ncRNAs) or based on their primary function: structural and regulatory ncRNA (Fig. [4.1](#Fig1){ref-type="fig"}). Unlike mRNA and structural ncRNAs, most of lncRNAs are localized in nucleus \[[@CR7]\].Fig. 4.1Summary of various types of non-coding RNAs

Prior to the sequencing era, some lncRNA were discovered using old-fashioned gene cloning methods. Initially they were thought to be coding RNAs, however, deeper analyses revealed a lack of open reading frames (ORF). Furthermore they were thought to be random in nature more so than stable elements in genome. This opinion changed when FANTOM consortium analyzed over 60,000 full length cDNAs and identified over 11,000 lncRNAs in mouse \[[@CR9]\]. Interestingly, a large portion of identified lncRNAs is transcribed in antisense orientation to protein-coding genes, thus are referred to as natural antisense transcripts (NATs). Another study extended these findings by identifying NATs in human genome \[[@CR10]\]. Interestingly many cancer associated genes, particularly tumor suppressor genes have long antisense ncRNA.

More recently, it was shown that intergenic regions also express thousands of long non-coding RNAs, named large intervening non-coding RNAs (lincRNAs). These transcripts were discovered by analyses of active chromatin marks (H3K4 acetylation and H3K36 trimethylation) genome- wide and eliminating those regions corresponding to protein coding genes and microRNAs. This approach was followed by extended analyses using RNA- seq experiments \[[@CR4]--[@CR6], [@CR11]--[@CR13]\]. Up to date, there are more than 8000 lincRNAs identified. More than half one them are confirmed lincRNAs; they can be localized in nucleus, cytoplasm or both and they are multi-exonic, capped and polyadenylated.

A major interest now lies in functional analysis of lncRNA. The fact that they are not evolutionary conserved, even between related species could indicate that most of them are non functional and may represent just transcriptional noise. To date, only 200 lncRNAs have been studied functionally with variable outcome, although many of them show at least functional evidence in vitro. Only a few lncRNAs have been studied in animal models, suggesting that they are not essential for viability. For example, mouse homologue of HOTAIR is poorly conserved in sequence and its deletion, along with the deletion of the HoxC cluster, has only a little effect in vivo, neither on the expression pattern or transcription efficiency, nor on the amount of K27me3 coverage of different Hoxd target genes \[[@CR14]\]. On the other hand it is possible that the lack of one particular lncRNA can substituted by another one.

Overall, it is certain that mammalian genomes, including humans, produce thousands of lncRNAs. Due to the complexity and variability of lncRNAs it may take several years to understand and clarify their functional identity. It is very likely that some lncRNA are involved in a range of biological processes. In this chapter, I will discuss a number of important topics regarding lncRNAs: their origin, function, and role in disease.

Origins and Genome Localization of lncRNA {#Sec2}
=========================================

Low degree of lncRNA conservation among species suggests their different evolutionary design to protein coding genes. The limited phylogenetic range of lncRNA could be also explained by specific existence, but rapid declination within particular lineages \[[@CR15]\]. A first possible scenario for lncRNA emergence is metamorphosis of protein-coding gene into non-coding RNA sequence. A protein-coding gene may under go mutations such as a frame shift that disrupts its open reading frame while maintaining the expression of the RNA transcript. For example, *Xist* gene encodes an lncRNA that is crucial for X chromosome inactivation. Recently, it's been shown that several exons and the promoter of *Xist* are derived from the protein-coding gene *Lnx3* that has acquired frame shift mutations during early mammalian evolution \[[@CR16], [@CR17]\]. It is possible that such a metamorphosis involved two steps: initial degeneration of the original sequence, followed by subsequent emergence of residual exons into newly formed Xist gene. Possibly these events occurred concurrently (Fig. [4.2a](#Fig2){ref-type="fig"}). A nother possibility includes chromosomal rearrangement, when two separate sequences are joined and together create an expressed non-coding sequence (Fig. [4.2b](#Fig2){ref-type="fig"}). One such example comes from the observation that a dog testis-derived non-coding RNA has arisen only recently following a lineage specific change. Also duplications in a non-coding RNA sequence could cause repeats, increasing the length of the transcript. Rare examples of duplicated lncRNA include Neat2 (mouse nuclear enriched abundant transcript) and mouse testis-derived lncRNA that are separate paralogous to non-exonic sequences elsewhere in the genome \[[@CR18]\]. Local, tandem duplication might also lead to generation of repeats increasing the size of lncRNA (Fig. [4.2c](#Fig2){ref-type="fig"}). Insertions of transposable element s may also emerge as lncRNA. For example, BC1 and BC200 (brain cytoplasmic RNA1 and 200-nucleotide) ncRNAs derive from two separate transposons, in the rodent and anthropoid lineages. Despite their lack of common origin, BC1 and BC200 are involved in similar roles in translational regulation. Furthermore, a transposable element containing a transcriptional start site can be inserted into the genome to create a functional, but noncoding RNA sequence \[[@CR19]\] (Fig. [4.2d](#Fig2){ref-type="fig"}).Fig. 4.2Origins of lncRNAs. *Block arrows* represent genes. *Black* regions in *block arrows* are introns. (**a**) Mutations in protein coding gene. (**b**) Chromosomal rearrangements. (**c**) Duplications. (**d**) Insertions of transposable element s

In respect of protein-coding genes, lncRNA can overlap with a gene as well as being associated with the gene's promoter region. They can be transcribed from intragenic sequence, exonic or intron, or from intergenic region (Fig. [4.3](#Fig3){ref-type="fig"}). In general, lncRNA are expressed at low levels and their expression varies with location, time, development and physiological stimuli.Fig. 4.3Genomic localizations of lncRNAs. Schematic diagram illustrating organization of lncRNAs associated with protein-coding genes. *Arrows* pointing towards right represent sense transcription, *arrows* pointing towards left correspond to antisense transcription

Natural Antisense Transcripts (NATs) {#Sec3}
------------------------------------

Strand specific sequencing methods, like RNA- seq, reveal complex overlapping transcription with many lncRNA being transcribed from complementary DNA strands of protein coding genes. These are referred to as antisense transcripts (AS). AS can arise from novel transcription start sites as well as from bi-directional promoters, or through transcriptional read-through. In yeast, AS do not occur randomly, but have been linked to sexual differentiation or stress response genes \[[@CR20]--[@CR22]\] as well as genes with higher variability in expression. Furthermore, certain AS transcript pairs are conserved across several yeast species.

Recently genome- wide transcriptome studies reveal that natural AS transcripts (NATs) frequently occur across mammalian genomes \[[@CR23], [@CR24]\]. The sizes and features of NATs can be variable. They can be classified based on their transcriptional start site, splicing, capping and polyadenylation. With respect to transcriptional start sites, NATs can be divided into three types: (1) overlapping, (2) intronic and (3) intergenic \[[@CR25], [@CR26]\]. Sequence of overlapping NATs partly overlaps with sense mRNA sequence with preference for the 3′-untranslated region (3′ UTR). Due to sequence complementarity, these regions can mutually interact by complete or partial hybridization. Thus NATs may function to regulate the expression of the overlapping sense mRNA \[[@CR27]--[@CR29]\].

Long Intergenic ncRNAs (lincRNAs) {#Sec4}
---------------------------------

Mammalian genomes encode \>1000 long intergenic noncoding (linc)RNAs that are clearly conserved across mammals and are potentially functional. These lincRNAs have been implicated in diverse biological processes, including cell-cycle regulation, immune surveillance, and embryonic stem cell pluripotency. However, the mechanism by which these lincRNAs function remains elusive. To date, there are approximately 3300 of human lincRNAs identified by analyzing chromatin-state maps in various human cell types. It is known that one of the well-characterized lincRNA HOTAIR binds the polycomb repressive complex (PRC2). Remarkably, approximately 20 % of lincRNAs expressed in various cell types are bound by PRC2. Other lincRNA interact with different chromatin-modifying complexes. Furthermore depletion of certain lincRNAs associated with PRC2 leads to changes in gene express ion, causing the up-regulation of genes that are normally silenced by PRC2. Therefore it is suggested that some lincRNAs guide chromatin-modifying complexes to specific genomic loci to regulate gene expression \[[@CR2], [@CR5]\].

Promoter Associated ncRNAs (CUTs, PROMPTs) {#Sec5}
------------------------------------------

Several genome- wide studies have revealed the unanticipated property of RNA polymerase II (Pol II) to initiate transcription in promoter regions in both directions. Such a bi-directional transcription results in so called cryptic unstable transcripts (CUTs) in budding yeast \[[@CR30]--[@CR32]\]. CUTs are Pol II-dependent transcripts produced from promoters in opposite direction to the coding gene, which are degraded by the nuclear exosome shortly after their synthesis. Another type of transcript derived from promoter regions are stable unannotated transcripts (SUTs), which are not processed by exosome \[[@CR32]\]. Bidirectional transcription is not only limited to yeast species, but extends to higher eukaryotes too. Studies using exosome depletion in human fibroblasts have revealed lncRNAs, which correspond to upstream regions of protein coding genes. Such promoter-upstream transcripts are referred to as PROMPTs \[[@CR33]\]. Furthermore, RNA-seq analysis from mouse embryonic stem cells has shown many promoter associated transcripts, which are transcribed in non-random, divergent orientation \[[@CR34]\]. Another sequencing approach employed global run on sequencing (GRO-seq) to indentify nascent RNAs in human fibroblasts. This study revealed that almost 80 % of the active promoters display bidirectional transcriptional activity \[[@CR35]\]. It is now known that bidirectional transcription is a widespread phenomenon, which is conserved across species. There are suggestions that this bidirectional transcription may be a type of gene express ion regulation that promotes an open chromatin structure at promoters by recruiting positive or negative transcriptional regulators.

Enhancer Associated ncRNAs (eRNAs) {#Sec6}
----------------------------------

Enhancers act to regulate expression of protein-coding genes from a distance in an orientation independent manner. A recent study, which analysed genome wide location of the enhancer binding protein CBP, showed over 12,000 positive loci in mouse neurons. Further transcriptional analysis also confirmed that Pol II is present at 25 % of those loci. Enhancer associated transcripts were identified as lncRNAs (termed eRNAs) produced in both directions and their expression does correlate with mRNA synthesis from nearby gene \[[@CR36]\]. There is a possibility that eRNAs may be directly involved in enhancer function. eRNAs may facilitate recruitment of enhancer-associated proteins or enhance chromatin looping to provide contact between the enhancer and the promoter of a particular regulated gene \[[@CR37]\].

Repeat Associated ncRNAs {#Sec7}
------------------------

Retrotransposons are genetic elements that can amplify themselves within a genome. They are ubiquitous components of the DNA of many eukaryotic organisms, and are particularly abundant in plants, where they are often a principal component of nuclear DNA. In mammals, almost half the genome (45--48 %) comprises retrotransposons, which possess extensive transcriptional activity. FANTOM 4 project has revealed that in human and mouse genomes, retrotransposons are expressed in a tissue specific manner. They are located close to promoter regions of protein-coding genes, suggesting that they may play a role in controlling alternative promoters or in the post-transcriptional regulation of gene express ion \[[@CR38]\].

Pseudogenes are another type of repetitive elements that can be transcribed into lncRNA. These can regulate protein-coding genes through competition for regulatory miRNA binding \[[@CR39], [@CR40]\].

Biogenesis, Processing and Structure of lncRNAs {#Sec8}
===============================================

Biogenesis of lncRNA is very similar to mRNA. LncRNAs are produced from many regions across the genome by transcribing Pol II. Only some lncRNAs have been shown to be products of Pol III. The majority of lncRNAs are 5′ capped, polyadenylated and spliced. LncRNA can be divided into two categories based on their orientation: they can be encoded on positive or negative DNA strand (sense or antisense orientation).

Many lncRNA transcripts are not end products, but face to further processing into a final functional form. The presence of sense lncRNA, which contain exons from mRNA sequences and intronic lncRNA that are derived entirely from intronic sequence, has lead to the hypothesis that many lncRNA transcripts are unprocessed pre-mRNAs prior to splicing and that intronic lncRNAs are by-products of this processing step. However, this is not the case for all sense and intronic lncRNAs since the expression patterns of some of these transcripts are not the same as their associated protein-coding gene \[[@CR41]\]. Another hypothesis suggests that some lncRNA sequences are precursors to short miRNAs. An example of this is the lncRNA *H19* which encodes the miRNA *miR*-*675* \[[@CR4]\]. Based on this evidence, post-transcriptional processing may occur with many lncRNA transcripts, but until more of them are functionally defined this question remains open.

Secondary structure formation is an important consideration in lncRNAs because they are able to interact with proteins or genomic DNA via these structures. Recently, models used for prediction of secondary structure have redefined the question of lncRNA evolution by looking at sequence conservation or compensatory mutations that would maintain secondary structure motifs \[[@CR42]\]. However, approaches that predict RNA secondary structures with high precision have yet to be developed. Therefore, the number of structured ncRNAs remains to be determined, but is expected in intergenic, intronic and UTR regions and lacking in exon sequence.

Mechanism of Action {#Sec9}
===================

Despite the fact that only a fraction of all identified lncRNAs has been examined experimentally, an emerging paradigm suggests that they are implicated in many biological contexts. To date, lncRNAs have been implicated in regulation of gene express ion, guidance of chromatin-modifying complexes, X chromosome inactivation, genomic imprinting, nuclear compartmentalization, nuclear-cytoplasmic trafficking, RNA splicing and translational control \[[@CR43]--[@CR46]\].

Regulation of Chromatin Structure {#Sec10}
---------------------------------

LncRNAs have been implicated in epigenetic gene regulation. Recent studies propose two basic models for lncRNA action at the chromatin level:epigenetic silencing in *cis*, where lncRNA transcripts coat gene clusters and silence their expression by making them inaccessible to transcription machinery. These lncRNAs can also recruit chromatin remodeling proteins to epigenetically mark the region for heritable gene silencing;epigenetic silencing in *trans*: lncRNAs can interact with chromatin modifying proteins to epigenetically silence genes at another locus (Fig. [4.4](#Fig4){ref-type="fig"}).Fig. 4.4Epigenetic regulation of gene express ion by lncRNAs. *Block arrow* represents protein-coding gene, *red arrow* depicts lncRNA

### Epigenetic Regulation in *cis* {#Sec11}

One of the well studies lncRNAs to date is Xist, which is crucial for X chromosome inactivation in female somatic cells. It has been discovered in 1991 and despite of enormous effort, the exact mechanism of Xist-mediated X chromosome inactivation is still not fully understood. It is accepted that Xist is associated as an RNA compartment with the inactivated X chromosome \[[@CR47]\]. The coating the chromatin that is silenced provides the first model for how lncRNA might function in stable epigenetic gene silencing in *cis*. Xist establishes a specialized, Pol II free, region, into which most of the X chromosome becomes localized during inactivation \[[@CR48]\]. It should be noted that Xist coating of chromatin is stable even during metaphase, suggesting a form of epigenetic memory for the inactive X chromosome to remain silent over many cell divisions \[[@CR49]\].

RepA, a small repeat region within Xist, is transcribed from both X chromosomes along with Tsix lncRNA (antisense partner of Xist) \[[@CR50]\]. Tsix prevents RepA binding to either X chromosomes until post-cellular differentiation, when RepA in association with the chromatin-modifying complex PRC2 (polycomb repressive complex 2) binds to one of the two X chromosomes at the so called inactivation center \[[@CR50]\]. Full-length Xist, produced from the X chromosome, destined to be inactivated, also binds to PRC2 and leads to the spreading of X inactivation from the center to the entire X chromosome in *cis*. Active chromatin status of the other X chromosome is protected by Tsix, which blocks transcription of Xist. It is not well understood, what prevents Xist from escaping the inactive X chromosome and acting on the active X chromosome in *trans* or how 20 % of X chromosome genes escape inactivation in human females \[[@CR51], [@CR52]\]. Once inactivation is established, X chromosome is condensed into facultative heterochromatin and forms a round body at the nuclear periphery \[[@CR53]\]. The inactive chromosome possesses repressive chromatin marks and DNA methylation at CpG island s \[[@CR52], [@CR54], [@CR55]\].

Genomic imprinting is another epigenetic phenomenon that utilizes lncRNA \[[@CR56]\]. Imprinted genes play an important role in mammalian development and therefore their expression has to be tightly regulated \[[@CR57]\]. Interestingly, many imprinted gene loci express lncRNAs that play a crucial role in regulating the expression of neighboring imprinted coding genes in *cis* \[[@CR58]\]. One such lncRNA involved in genomic imprinting in *cis* is *Air*, which is mono-allelically expressed from the paternal allele. *Air* is known to bind to G9a histone methyltransferase and associate with chromatin to participate on silencing of three imprinted genes: Slc22a3, Slc22a2 and Igf2r. Loss of *Air* leads to bi-allelic expression of Slc22a3 and loss of G9a recruitment to imprinted genes. It has been suggested that Air acts to guide G9a to chromatin at the Slc22a3 promoter \[[@CR59]\].

### Epigenetic Regulation in *trans* {#Sec12}

In contrast, to previous examples, a long intervening lncRNA, HOTAIR, regulates human genes expression in *trans* on a genome- wide scale by associating with chromatin modifying complexes such as polycomb repressive complex (PRC2), LSD1 and CoREST/REST \[[@CR5], [@CR60]--[@CR62]\]. It has been shown that 5′ domain of HOTAIR binds PCR2, whereas a 3′ domain of HOTAIR binds LSD1/CoREST complexes. This way HOTAIR guides PCR2 and LSD1/CoREST to their endogenous targets. Consequently, PRC2 methylates histone H3 lysine 27, whilst LSD1/CoREST demethylates histone H3 at lysine 4. This collectively leads to the loss of active histone marks (H3K4 dimethylation) and the gain of a repressive histone marks (H3K27 trimethylation) at the target loci \[[@CR62]\].

Gene Regulation Through lncRNA Transcription {#Sec13}
--------------------------------------------

Transcription of lncRNA itself can act as both, a positive (activation) or negative (repression) regulator of gene express ion (Fig. [4.5](#Fig5){ref-type="fig"}), affecting expression of neighboring genes.Fig. 4.5Gene expression regulation through lncRNA transcription. *Block arrows* are protein-coding genes, *red arrows* are lncRNAs. *Block crosses* depict negative transcription factor

Activation: the act of lncRNA transcription can help to open the chromatin structure of a genetic locus to permit access of transcription machinery to neighboring protein-coding genes. In *fission yeast*, transcription of lncRNAs *UAS1* and *UAS2* have been shown to activate the expression of the *fbp1* gene by this mechanism. Pol II transcribes several species of ncRNAs at the *fbp1* locus during transcriptional activation. The chromatin is progressively converted to an open configuration, which is coupled to translocation of Pol II through the upstream region of the *fbp1* transcriptional start site. It has been shown that transcription through the promoter region is required to make DNA sequence accessible to transcriptional activators and to Pol II \[[@CR63]\]. Similar example of gene transcription regulation have been observed within β-globin locus \[[@CR64]\].

Repression: transcription of lncRNAs near protein-coding loci can also act as a negative regulator. The presence of the transcription machinery on the lncRNA gene locus can physically prevent transcription machinery from binding to the protein-coding gene. In *budding yeast*, transcription of the lncRNA *SRG1* inhibits transcription of the overlapping *SER3* gene. This repression occurs by a transcription-interference mechanism in which *SRG1* transcription across the *SER3* promoter interferes with the binding of activators \[[@CR65]\]. Such a transcriptional interference process may represent a widespread function for lncRNAs. There seems to be a strong conservation of their promoter regions in contrast to weaker conservation of their transcripts, which is consistent with the act of transcription itself having a greater biological impact than the transcript sequence \[[@CR7], [@CR66]\].

Transcriptional Regulation {#Sec14}
--------------------------

Protein coding gene express ion is tightly regulated process, which involves direct interactions of proteins with other proteins or DNA. Another aspect of the regulation of gene expression comes from an additional layer of complexity consisting of dynamic interactions between RNA, DNA or proteins. Transcription of lncRNAs can regulate the expression of neighboring genes (*in cis* regulation) or can also target distant transcriptional activators or repressors (*in trans* regulation) (Fig. [4.6](#Fig6){ref-type="fig"}).Fig. 4.6Types of transcriptional regulation by lncRNAs. *Block arrows* are protein-coding genes, *red arrows* are lncRNAs. *Dashed line* depicts nuclear membrane

### Transcriptional Regulation in *cis* {#Sec15}

If lncRNA sequence overlaps through complementarity with the binding site of a transcription factor, the lncRNA transcript can hybridize to this site and so prevent a transcription factor from binding. One such an example is a lncRNA that is transcribed from a minor promoter upstream of the human dihudrofolate reductase *DHFR* gene. Transcription of this full length lncRNA is thought to repress transcription from the major *DHFR* promoter \[[@CR67]\] in an RNA dependent manner. The lncRNA binds to the major *DHFR* promoter and the general transcription factor IIB and leads to dissociation of the pre-initiation complex. It is proposed that the single-stranded lncRNA hybridizes to double-stranded DNA in the promoter region to form a triplex structure. Such a structure is predicted to be most concentrated around human promoters \[[@CR68]\], but it is unclear whether this is a common mechanism for lncRNA transcriptional repression.

Another type of transcriptional gene regulation by lncRNA is the recruitment of transcription factors. When a lncRNA sequence is located near to transcription factor binding site, the lncRNA transcript may enhance the binding of the transcription factor to promoter region. An example of this type of regulation is the lncRNA called *Evf2*, which regulates two homeodomain genes, *Dlx5* and *Dlx6*, involved in neuronal differentiation, migration and limb pattering \[[@CR69]\]. Single-stranded *Evf2* forms a complex with *Dlx2*, another homeodomain protein. This *Evf2*-*Dlx2* complex activates *Dlx5*/*6* enhancer, by a yet unknown mechanism.

### Transcriptional Regulation in *trans* {#Sec16}

Another way that lncRNA may regulate transcription is through their affect on transcription factors trafficking in the cell. In particular, lncRNA can either enhance transcription factor access to DNA binding sites or prevent it, as in the case of the lncRNA *NRON*. This lncRNA prevents the transcription factor *NFAT* (nuclear factor of activated T cells) from entering the nucleus by directly interacting with importin-beta 1, one of the nuclear-cytoplasm transport factors \[[@CR70]\]. The *NRON* gene contains three exons and can be alternatively spliced, producing variant transcripts ranging in size from 0.8 to 3.7 kb. Depletion of *NRON* leads to increased levels and activity of *NFAT* in nucleus. Interestingly *NRON*'*s* predicted secondary structure is rich in stem loops, which is conserved between diverse vertebrates and requires further study.

LncRNA can bind to accessory proteins to activate them allosterically, or induce their oligomerization and activation. One such lncRNA is *HSR1* (heat shock RNA-1), which together with an eukaryotic translation-elongation factor 1A, stimulates trimerization of heat-shock factor 1 (*HSF1*) \[[@CR71]\]. Trimeric *HSF1* activates heat-shock proteins by binding to their promoters. Formation of *HSR1*-*HSF1* is induced by heat shock and knockdown of *HSR1* causes cells to become thermo-sensitive. This suggests that HSR1 may be a part of cellular thermo-sensing machinery, resembling a similar mechanism in bacteria.

Post-transcriptional Processing {#Sec17}
-------------------------------

In addition to all of the above transcriptional mechanisms, many lncRNAs are also involved in post-transcriptional processing of protein-coding mRNAs, including regulation of splicing, editing, transport, translation, and degradation of their corresponding mRNA transcripts.

Natural antisense transcripts (NATs) are typical example of lncRNAs that act to regulate mRNA dynamics. Unlike NATs associated with imprinting genes such as Tsix, Air or HOTAIR, which induce epigenetic changes in chromatin and lead to gene silencing, other NATs can form RNA duplexes to mask key *cis* regulatory elements. This can lead to an alternative splicing pattern of overlapping gene transcripts. For example, the Zeb2/Sip1 NAT is complementary to the 5′ splice site of an intron of the zinc finger Hox mRNA Zeb2, which is involved in epithelial-mesenchymal transition (EMT). Zeb2 NAT is expressed upon EMT and masks the splice site, so blocking splicesome function. This causes the translation machinery to recognize and bind to an internal ribosome entry site (IRES) in the retained intron resulting in more efficient Zeb2 translation (Fig. [4.7](#Fig7){ref-type="fig"}) \[[@CR72]\].Fig. 4.7Post- transcriptional regulation by lncRNA. *Brown block arrow* is Zeb2 gene. Intron is colored in *orange*. Hairpins correspond to miRNAs

More recently, a NAT specific for tyrosine kinase containing immunoglobulin and epidermal growth factor homology domain-1 (Tie-1) was identified in zebrafish, mouse and human. The tie-1 NAT specifically binds tie-1 mRNA in vivo, forming an RNA--RNA duplex. This leads to down-regulation of the Tie-1 protein with consequent specific defects in cellular endothelial contact junctions \[[@CR73]\].

In contrast, the expression of beta-secretase-1 (BACE-1) NAT increases stability of BACE-1 mRNA and leads to high production of Abeta (amyloid-beta) 1-42 through a post- transcriptional feed-forward mechanism \[[@CR74], [@CR75]\]. In this way BACE-1 NAT acts a positive regulator of Abeta 1-42 through stabilization of BACE-1 mRNA.

Alternative splicing is a well-known mechanism of pre-mRNA processing in higher eukaryotes. The serine/arginine (SR) splicing factors regulate cell type specific alternative splicing in a concentration and phosphorylation-dependent manner. How levels of active SR proteins are regulated is not well understood. Recent studies on the long nuclear-retained regulatory RNA (nrRNA) called MALAT (metastasis-associated lung carcinoma transcript 1) implicated its role in alternative splicing \[[@CR76], [@CR77]\]. MALAT1 (also known as NEAT2) a 7 kb RNA is localized in nuclear speckles, where it interacts with SR splicing factor, SRSF1 and affects the distribution of other splicing factors. Depletion of MALAT1 changes the alternative splicing profile of multiple endogenous pre-mRNAs. More importantly, MALAT1 regulates the phosphorylation status of SR proteins, thereby regulating pre-mRNA processing via modulation of active SR proteins levels.

Furthermore, there is growing evidence showing that transcripts produced from pseudogenes play an important role in regulating mRNA stability of the gene paralogue. For example, transcripts from the tumor suppressor pseudogene of *PTEN* (*PTENP1*) and oncogenic *KRAS* (*KRASP*) regulate levels of their gene counterparts, *PTEN* and *KRAS* \[[@CR39], [@CR78]\]. It is biologically relevant to keep the right dosage of *PTEN* in the cell. A number of miRNA and pseudogene transcripts are also directly involved in *PTEN* dosage regulation at a post- transcriptional level. *PTEN* and *PTENP1* 3′ UTRs are highly conserved. *PTENP1* RNA, which is also referred to as competing endogenous RNA (ceRNA), binds to common miRNA preventing their binding to miRNA response element in 3′ UTR of *PTEN*. This competitive binding of *PTENP1* to miRNA results in increased levels of *PTEN* RNA and consequently *PTEN* protein (Fig. [4.8](#Fig8){ref-type="fig"}) \[[@CR40], [@CR79], [@CR80]\].Fig. 4.8Post- transcriptional regulation by lncRNA. *Block arrows* depict protein coding gene PTEN. Hairpins represent miRNAs

Additionally a similar mechanism has been shown for *KRAS* mRNA, which is increased by expression of ceRNAs of *KRASP*. Interestingly, some protein-coding genes, such as *ZEB2*, *VAPA* and *CNOT6L* can also act as ceRNAs.

The initial studies describing links between imprinting and X chromosome inactivation were based on discovery of the *H19* and *Xist* RNAs. The *H19* gene encodes a 2.3 kb lncRNA that is expressed exclusively from the maternal allele and is spliced, polyadenylated and exported into cytoplasm where it accumulates \[[@CR81]\]. *H19* cause imprinting of its counterpart protein-coding gene, the insulin-like growth factor 2, *IGF2*. Recent studies revealed that *H19* is host to an exonic miRNA, *miR-675* which is also imprinted and maternally expressed. *H19* and *miR675* are conserved across mammalian species, suggesting that both are selected \[[@CR82]\]. It is proposed that *H19* might act through the nonsense mediated RNA decay pathway. Indeed, a key component of this pathway has been shown to regulate the levels of *H19* RNA during embryonic stem cell differentiation \[[@CR83]\].

lncRNA and Disease {#Sec18}
==================

Recent and rapid progress in lncRNA research reveals a growing body of evidence that lncRNA play an important role in variety of normal physiological processes. Consequently their mis-regulated expression contributes to numerous diseases, including cancer.

lncRNA and Cancer {#Sec19}
-----------------

New technological approaches, such as genome- wide studies, RIP- RNA sequencing, gene express ion screens, region-targeted assays and gene knock-down/knock-out experiments all contribute to the determination of lncRNA function in pathogenesis. Accumulating data show that lncRNAs are indeed involved in carcinogenesis, invasion and metastasis. Based on their function, lncRNAs can be divided into two major categories: oncogenic and tumor suppressor classes.

### Oncogenic lncRNAs {#Sec20}

Some lncRNAs, referred to as oncogenic transcripts, can regulate cellular pathways that lead to oncogenesis. Recent studies identify more and more of onco-lncRNAs such as *KRASP*, *HULC*, *HOTAIR*, *MALAT1*/*NEAT1*, *p15AS*, *ANRIL*, *H19*, *SRA1*, *p21NAT* or *RICTOR*. Some lncRNAs can act as oncogenic as well as tumor suppressor transcripts, depending on cellular context.

The lncRNA, referred to as cancer metastasis-associated lung adenocarcinoma transcript, *MALAT1*, was identified in non-small-cell lung cancer \[[@CR84]\]. *MALAT1* is abundant and plays a key role in cell proliferation, migration and invasion. It localizes predominantly in nuclear speckles in a transcription dependent manner to regulate mRNAs post- transcriptional processing such as alternative splicing \[[@CR76], [@CR85]\]. *MALAT1* is also up-regulated in other types of cancer, including breast, prostate, liver and colon \[[@CR84], [@CR86]--[@CR90]\]. Furthermore, higher expression of *MALAT1* is associated with metastatic tumors where it is correlated with poor prognosis. Recent studies demonstrate that *MALAT1* is involved in cell mobility at it targets genes, required for cell migration, in order to regulate their gene express ion at both a transcriptional and post-transcriptional level. However, the underlying mechanism of *MALAT1* in tumor metastatic process remains unclear.

A genome- wide study unveiled associations of multiple genetic variants in a large "gene-desert" region of chromosome 8q24 with susceptibility to prostate cancer (PC). Re-sequencing approaches helped to identify a 13 kb long intron-less lncRNA, termed *PRNCR1* (prostate cancer non-coding RNA1) \[[@CR91]\]. Depletion of *PRNCR1* attenuated the viability of PC cells and the *trans*-activation activity of the androgen receptor. Therefore, it has been proposed that *PRNCR1* is involved in prostate carcinogenesis through androgen receptor activity. These findings provide a novel insight into understanding the pathogenesis of genetic factors for prostate cancer.

The lincRNA *HOTAIR* is expressed in many posterior and distal sites during evolution and is highly conserved in vertebrates \[[@CR60]\]. *HOTAIR* is over-expressed in metastatic breast cancer and correlates with poor prognosis \[[@CR61]\]. De-regulation of *HOTAIR* represses the expression of a subset of cell-to-cell interaction promoting genes, including *JAM2*, *PCDH10*, *PCDHB5* and *EPHA1*. Furthermore, the interaction of *HOTAIR* and *PRC2*, which leads to increased H3K27 trimethylation and silencing of metastasis suppressor genes, is responsible for *HOTAIR* mediated tumor cell invasion and subsequent metastasis. Additionally, increased levels of *HOTAIR* were detected in hepatocellular carcinoma (HCC), suggesting that *HOTAIR* could be a candidate biomarker for tumor recurrence prediction. Depletion of *HOTAIR* in liver cancer cells results in reduced cell viability and sensitized apoptosis induced by *TNF*-*alpha* \[[@CR92]\]. These studies indicate that lincRNAs have active roles in modulating the cancer epigenome and could be an important predictor for cancer outcome as well as novel targets for cancer therapy.

Loss of imprinting (LOI) is involved in a number of human hereditary diseases and cancers \[[@CR93]\]. Disruption in the expression of imprinted genes such as *H19*, *p57*, *IGF2* and *KvLQT1*, results in almost 80 % of Beckwith--Wiedemann syndrome (BWS). About 5--10 % of BWS patients are predisposed to a number of childhood tumors. *Kcnq1ot1* is an imprinted antisense lncRNA, which is about 60 kb long and possesses a silencing domain at its 5′ end \[[@CR94]\]. *Kcnq1ot1* transcript is associated with multiple chromosomal rearrangements in BWS. Its abnormal expression was observed in 50 % of BWS patients and 53 % of colorectal cancers \[[@CR95]--[@CR97]\]. Loss of *Kcnq1ot1* imprinting is accompanied by loss of methylation of the control element, a CpG-island called *KvDMR1. KvDMR1* contains the promoter for the paternally expressed *Kcnq1ot1*. Disruption of this promoter abolishes *Kcnq1ot1* transcripts leading to activation of neighboring genes such as tumor repressor *CDKN1C* \[[@CR98]\]. These data suggest that abnormal expression of *Kcnq1ot1* contributes to carcinogenesis.

Recent studies report consistent differences in the expression of sense and antisense transcripts between normal and neoplastic cells. A group of genes that generate NATs in normal, but not cancer cells are involved in essential metabolic processes. Altered ratio of sense and antisense transcription contributes to tumorigenesis and cancer progression \[[@CR99]--[@CR103]\]. For example, leukemic cells express higher amounts of antisense p15 NATs and smaller amounts of its partner p15 sense mRNA than normal lymphocytes. Many NAT lncRNAs may have relevance to the cancer genes, including p21, p53, E-cadherin or myc \[[@CR104]\]. Thus, it is proposed that tumorigenic NATs are a trigger for heterochromatin formation and DNA methylation in tumor suppressor silencing.

### Tumor Suppressor lncRNAs {#Sec21}

Some lncRNAs are found to function as tumor suppressors, resembling some protein-coding genes. This group of lncRNAs includes *MEG3*, *GAS5*, *lincRNA*-*p21*, *PTENP1*, , *CCND1* and *TUG1*.

*MEG3* is a lncRNA transcript of a maternally imprinted gene, which is expressed in normal human cells. Loss of *MEG3* was found in meningiomas and adenomas of gonadotroph origins \[[@CR105], [@CR106]\]. *MEG3* is a positive regulator of the tumor suppressor gene, p53. Ectopic expression of *MEG3* up-regulates p53 protein levels and dramatically induces p53 transcription. Furthermore, *MEG3* selectively enhances p53 binding to its target promoter, such as *GDF15*. Expression of *MEG3* is able to inhibit cell proliferation in the absence of p53. All these data suggest that lncRNA *MEG3* functions as a tumor suppressor in both a p53-dependent and p53-independent manner \[[@CR107], [@CR108]\].

*LincRNA*-*p21* is another example of a tumor suppressor lncRNA, whose expression is directly induced by the p53-signaling pathway. *LincRNA*-*p21* is required for global repression of genes that interfere with p53 function to regulate cellular apoptosis. This occurs through physical interaction with RNA-binding protein hnRNP-K leading to its localization on gene promoters, which are thought to be repressed in a p53-dependent manner \[[@CR109]\].

*GAS5* (growth arrest-specific 5) is tumor suppressor lncRNA, which regulates normal growth in lymphocytes. Depletion of *GAS5* inhibits apoptosis and maintains rapid cell cycling, which indicates that its expression is necessary for normal growth arrest. *GAS5* regulates the expression of a critical group of genes with tumor suppressive functions. Additionally, several snoRNAs are transcribed solely from *GAS5* introns. Under starvation, *GAS5* directly interacts with the DNA binding domain of glucocorticoid receptor (GR), leading to inhibition of GR binding to its target gene promoters. Such repression is not limited only to GR, but applies also to other members of the nuclear receptor family. Interestingly, *GAS5* is significantly down-regulated in breast cancer cells \[[@CR110]--[@CR112]\].

*Cis*-acting lncRNA, *CCND*, originates from the promoter of the *CCND1* gene encoding cyclin D1 protein. Upon induction, *CCND* lncRNA transcript is tethered to the *CCND1* promoter and so inhibits *CCND1* expression. Cyclin D1 is frequently over-expressed in human tumors. Therefore, it is proposed that *CCND1* transcript functions as a tumor suppressor to repress tumorigenesis \[[@CR113]\].

Expression of the telomere-related lncRNA, , is highly dependent on development, nuclear reprogramming, telomere length, cellular stresses and chromatin structure. Many abnormal telomere phenotypes in aging and cancer cells are linked to mis-regulated expression of *TERRA*. Low levels of *TERRA* have been observed in the tumor-derived and in vitro immortalized cell lines. It has been proposed that *TERRA*-regulated telomere length plays an important role in tumor development \[[@CR114]--[@CR117]\].

lncRNA and Other Diseases {#Sec22}
-------------------------

LncRNAs in the context of their cellular function can also be involved in diseases other than cancer.

Patients with *SCA8* have a trinucleotide expansion in an lncRNA called ataxin 8, which is antisense to the *KLHL1* gene. Involvement of this type of mutation in disease progression was confirmed in mouse model transgenic mice with this repeat expansion displaying a progressive neurological phenotype similar to human *SCA8* \[[@CR118]\].

An inherited form of alpha-thalassaemia is caused by the translocation of an antisense lncRNA to a neighboring region of the alpha-globin gene (*HBA2*). Induction of this lncRNA results in epigenetic silencing of *HBA2* leading to anemia \[[@CR119]\].

The expression of the antisense transcript to *BACE1* gene, as a response to cell stress, leads to progression of the well-studied Alzheimer's disease \[[@CR74], [@CR120]\].

Also, psoriasis-associated RNA induced by stress, called *PRINS*, is up-regulated in skin cells of patients with psoriasis. It acts through down-regulation of *G1P3*, gene encoding a protein with anti-apoptotic effect in keratinocytes leading to psoriasis progression \[[@CR121]\].

A study using a single-nucleotide polymorphism marker identified a lncRNA called *MIAT* (myocardial infarction-associated transcript) on chromosome 22 in patients with myocardial infarction \[[@CR122]\]. Furthermore, genome- wide analysis identified a region encompassing a lncRNA, *ANRIL*, which is linked to coronary artery disease \[[@CR123], [@CR124]\].

Overall, identified lncRNAs play a clear role in pathology of various diseases. It remains to be determined what is their specific function and how they are associated with human pathology.

lncRNA as Biomarkers {#Sec23}
--------------------

To date, although our understanding on how lncRNAs cause disease is far from complete, certain features of lncRNAs make them ideal candidates for therapeutic intervention. For example, only a minority of lncRNAs are unstable. LncRNA half-lives vary over a wide range, comparable to that of mRNAs. Combining half-lives with comprehensive lncRNA annotations hundreds of unstable (half-life \< 2 h) intergenic, *cis*-antisense, and intronic lncRNAs, as well as lncRNAs showing extreme stability (half-life \> 16 h) were identified. Intergenic and *cis*-antisense RNAs are more stable than those derived from introns \[[@CR125]\].

LncRNA expression is elevated in several types of cancers, including human prostate cancer, renal cell carcinomas, breast and ovarian cancer, as well as human lung cancer, suggesting that lncRNAs may become a promising biomarker in disease diagnostics. For example, the prostate specific lncRNA, *DD3*, shows higher specificity than serum prostate-specific antigen (PSA), suggesting that is could be developed into highly specific biomarker \[[@CR126]\]. HCC-associated lncRNA, *HULC*, is also upregulated in the blood of hepatocarcinomas, implying its potential use in diagnosis of this type of cancer \[[@CR127]\]. Expression of *HOX* specific antisense RNA, *HOTAIR*, is increased in breast tumor cells, suggesting that it may become a powerful predictor of patient outcome such as metastasis and death. *SNORD*-host RNA, *Zfas1* is an antisense transcript of the protein-coding gene *Znfx1. Zfas1* is highly expressed in mammary glands and it's obviously down-regulated in breast cancer cells, suggesting its potential for diagnosis of breast cancer \[[@CR128]\].

LncRNAs-based biomarkers could also be developed for diseases other than cancer. For example, noncoding transcript for beta-secretase-1 (*BACE1*), which regulates *BACE1* mRNA and protein production, is upregulated in Alzheimer's disease and thus could be exploited as a biomarker \[[@CR129]\]. ANRIL lncRNA, is expressed in tissues and cells affected by atherosclerosis, which makes it a potential biomarker for coronary artery disease \[[@CR130]\].

Overall it is clear that lncRNAs possess a significant potential for development of new approaches in diagnostics and therapy.

lncRNA and Stem Cell Development {#Sec24}
================================

Cellular reprogramming demonstrates the plasticity of cell fates. LncRNAs, whose expressions are linked to pluripotency, are direct targets of key transcription factors \[[@CR131]\]. One such a lncRNA (*RoR*) modulates cellular reprogramming, which has been identified by loss-of function and gain-of function approaches. This provided first evidence for the critical function of a lncRNA in the derivation of pluripotent stem cells. LncRNAs also help to regulate development by physically interacting with proteins to coordinate gene express ion in embryonic stem cells (ESCs) \[[@CR132]\]. This is contrary to the dogma that proteins alone are the key regulators of this process. LncRNA determine the fate of ESCs by keeping them in their unspecialized state or by directing them along a pathway to cellular differentiation.

lncRNA and Immunity {#Sec25}
===================

Whole-transcriptome analysis has shown that lncRNAs are associated with diverse biological processes in different tissues and are also involved in the host response to viral infection and innate immunity \[[@CR6]\]. Also a recent study revealed altered expression of lncRNA during CD8+ T cell differentiation upon antigen recognition \[[@CR133]\]. Likewise, eight mRNA-like lncRNAs were differentially expressed in virus-infected birds \[[@CR134]\]. Whole-transcriptome analysis of severe acute respiratory syndrome in coronavirus-infected lung samples shows that there is a widespread differential regulation of lncRNAs in response to viral infection \[[@CR135]\]. All of this suggests that lncRNAs are involved in regulating the host response in virus-infected cells, including innate immunity.

Concluding Remarks {#Sec26}
==================

The discovery of lncRNAs has changed our view of the complexity of the mammalian transcriptome. LncRNAs are becoming widely recognized as key regulators of protein-coding gene express ion and so provide an additional layer of transcriptional control. To date, lncRNAs have been shown to be involved in many different stages of gene expression regulation. This diversity in function suggests that lncRNAs will ultimately be found to participate at all levels of transcriptional control, from nuclear localization of transcription factors to transcriptional termination. Several lncRNAs have been implicated in the mediation of chromatin structure. Enabling the accessibility of the genome to Pol II and its associated factors is the most efficient way to activate or repress transcription. LncRNAs also function in X chromosome inactivation and genomic imprinting through chromatin remodeling.

Future discoveries may struggle to identify additional transcriptional regulatory lncRNA that share a function with known lncRNAs, because different RNAs can have similar functions even though they lack detectable sequence similarity. Real challenges lie in determining the biological significance of lncRNAs-protein interaction. Scientists have to clearly demonstrate biological roles of particular lncRNAs and relate them to their associated transcriptional units. It is peculiar that lncRNAs are not evolutionary conserved, they are expressed in very low levels and their knock-out don't show a clear phenotype. Therefore, their biological significance remains an open topic for a further analysis.

The de-regulation of lncRNA expression in the context of cell pathology represents a new layer of complexity in the molecular architecture of human disease. Several lines of evidence have suggested that even small-scale mutations can affect lncRNA structure and function. Future studies need to elucidate the mechanism by which disease-causing mutations in lncRNA functional motifs can affect its regulatory domains and thereby contribute to disease pathology.

Future research of lncRNA may lead to discoveries of their biological functions and ultimately propose new RNA-based targets for the prevention and treatment of human disease.
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